AISTRACT Integral membrane proteins that form water-filied channels through membranes often exist as aggregates of similar or identical subunits spanning the membrane.
It has been suggested that the insertion into the membrane of the channel-forming domains of the subunits may impart unusual structural features to the membrane-intercalated portions of the protein. To test this proposal, we have investigated the interaction of a multisubunit channel-forming integral membrane protein, the acetylcholine receptor protein, with the nonionic detergent Triton X-114. Whereas non-channelforming integral membrane proteins that have heretofore been studied form mixed micelles with the detergent, the acetylcholine receptor was excluded from the Triton X-114 micelles. The structural implications of this result are discussed.
In an early thermodynamic analysis of membrane structure (1) , it was predicted that a class of integral membrane proteins exists that form water-filled channels through membranes and that mediate the permeability of membranes to ions and small polar molecules. It was proposed that such a channel-forming protein generally would consist of a specific noncovalently bound aggregate of a small number n of identical or similar subunits spanning the membrane, with the channel running down the n-fold symmetry axis of the aggregate. To allow for thermodynamic stability, it was suggested that the portion of the exterior surface of the aggregate that was intercalated into the lipid bilayer would be mainly hydrophobic, but that the central channel might be lined with some of the ionic and polar amino acid residues of the subunits, in contact with the water in the channel. The purpose of such a structure would be to permit low-energy-requiring quaternary rearrangements (1, 2) of the subunits to occur, which would result in the directed translocation of specific ions and small polar molecules through the channel across the membrane. In further consideration of this model, it was pointed out (3, 4) that the insertion of such a hydrophilic channel through a membrane is not a trivial problem and, furthermore, that certain thermodynamically satisfactory mechanisms for such insertion might necessitate distinctive structural properties for channel-forming proteins, which would not be shared with other types of integral membrane proteins (see Discussion).
In the years since these predictions were made, several integral membrane proteins involved in membrane transport and permeability have been characterized in sufficient detail to show that they indeed consist of subunit aggregates forming transmembrane channels down their central axes. Among the best studied of these integral membrane proteins is the acetylcholine receptor (AcChoR) (for a recent review, see ref. 5) . It is a pentameric aggregate of about 250 kDa made up of four homologous but nonidentical polypeptides (a-8) in the stoichiometry a218Y6. The binding of the ligand acetylcholine to the a chains of the aggregate changes the permeability of the central channel of the aggregate to small cations, a process that is critically involved in neuromuscular signal transmission.
To test the proposition that channel-forming proteins might have distinctive structural characteristics not shared by other types of integral membrane proteins, we have studied the partitioning behavior of AcChoR in Triton X-114 phase-separation experiments as described by Bordier (6) . A 1% (wt/vol) aqueous solution of the nonionic detergent Triton X-114 is homogeneous at 40C but separates into two phases in equilibrium at temperatures above -20°, one detergent-rich ('20% detergent) and the other detergent-poor (Q0.03%). All the integral membrane proteins Bordier (6) examined strongly partitioned into the detergent-rich phase (DRP), while all the cytoplasmic and peripheral membrane proteins were found in the detergent-poor phase (DPP), providing a very simple and convenient means of distinguishing these categories of proteins. These results reflect the existence of hydrophobic domains in amphipathic integral membrane proteins (7) (8) (9) , which intercalate into the micelles formed by nonionic detergents much as they do into the interior of lipid bilayers. However, upon subjecting membranes of Torpedo californica electroplax containing AcChoR to Triton X-114 phase separation, we obtained the surprising result that most of the AcCho'R was found as the intact pentamer in the DPP (10) . This observation and its significance are examined in some detail in this report.
MATERIALS AND METHODS
AcChoR. AcChoR-rich membrane vesicles prepared without detergent from T. californica electric organ, purified AcChoR (purified with and containing cholate), 1251-labeled abungarotoxin, and antibodies to AcChoR used in the bungarotoxin-binding assay, all as described (11), were kindly provided by J. Lindstrom and R. Anholt (Salk Institute). Alkali treatment of the AcChoR-rich membrane vesicles was carried out by a published method (12) .
Triton X-114 Phase Partitioning. Triton X-114 (Sigma) was precondensed three times to obtain a more homogeneous preparation (6) . Radioactive Triton X-114 was prepared by the addition of [3H]Triton X-100 (New England Nuclear) as described (6) . Phase partitioning was carried out by a minor modification of the method of Bordier (6) to be described in detail elsewhere. AcCboR-rich membranes were solubilized in 1% Triton X-114 in 0.02 M Tris Cl, pH 7.4/0.15 M NaCl (Tris/NaCI) at 40C for 10 min and centrifuged at 27,000 x g at 40C for 20 min. A 0.3-ml aliquot of the supernatant was layered on 0.15 ml of 6% (wt/vol) sucrose/0.06% Triton X-114/Tris/NaCl, warmed to 350C for 3 min, and centrifuged at 1300 x g for 3 min at 220C. The upper phase, the DPP, was removed and washed twice with Triton X-114 as described (6) . The lower phase, the DRP, was made to the same volAbbreviations: AcChoR, acetylcholine receptor; DRP, detergentrich phase; DPP, detergent-poor phase.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. ume as the DPP and equal volumes of the two phases were analyzed, along with the starting mixture, by NaDodSO4/ PAGE (13) . In some cases, the a-bungarotoxin binding capacities of the starting mixture, DPP, and DRP were determined by using 1251-labeled toxin in conjunction with immunoprecipitation as described (11) . When phase partitioning was carried out with radioactive Triton X-114, the sucrose solution did not contain Triton X-114 and the two washes of the DPP were omitted.
Sucrose Gradient Centrifugation. Sucrose gradient centrifugation was carried out as described (14) on 5-ml linear 5-20% (wt/vol) sucrose gradients in Tris/NaCl containing 1% (starting mixture) or 0.03% (DPP) Triton X-114. Samples were pretreated with a slight excess of 1251-labeled bungarotoxin for 15 min at 40C, layered on the gradients, and centrifuged at 40C for 5 hr at 225,000 x g. Seven-drop fractions were collected from the bottom of each tube and the radioactivity in each fraction was measured with a y-counter. Beef liver catalase (11.3 S), rabbit muscle aldolase (7.3 S), and horse heart cytochrome c (2.5 S) were used as standards for S values.
Linoleic Acid/Triton X-114 Phase Partitioning. A 10% (wt/wt) solution of linoleic acid (Applied Science Laboratories, State College, PA) in ethanol was mixed with 1% Triton X-114 in Tris/NaCl on a rotary shaker for 3-5 days at 40C. The AcChoR-rich membranes were solubilized directly in the mixture and subjected to phase partitioning. In some cases, [14C]linoleic acid (Amersham) was used to estimate the amount of linoleic acid in the DPP and DRP.
RESULTS
Phase Partitioning of AcChoR. The results of the phase partitioning of AcChoR preparations in Triton X-114 are shown in the electrophoregrams in Fig. 1 . The sets of samples shown were electrophoresed at different times in polyacrylamide gels of different concentrations, and the mobilities are therefore not directly comparable. In each set, lane 1 represents the starting mixture in Triton X-114 before partitioning, and lanes 2 and 3, respectively, the DPP and the DRP after partitioning. With Torpedo membranes dissolved directly in 1% Triton X-114/Tris/NaCl, Coomassie blue staining for protein ( Fig. 1C) Fig. 1 A-C) was found in the DRP, demonstrating behavior more typical of integral membrane proteins. In addition, a 100-kDa protein (filled arrowhead, Fig. 1 A and C), probably the a chain of the Na+,K+-ATPase (11, 15) , was found distributed between the DPP and DRP. Another band at 43 kDa (striped arrowhead, Fig. 1C ) was found in the DRP, but it was not clear whether the same protein was responsible for the 43-kDa band in the DPP (see ref. 16 ). In these experiments, the phase partitioning results were not affected by varying the protein concentration (from 0.2 mg/ml to 1.3 mg/ml with 1% Triton X-114), the detergent concentration (from 0.5% to 2.0% Triton with 0.6 mg of protein per ml), the incubation time in the 1% Triton before partitioning (from 10 min to 5 days), or the partitioning temperature (from 35°C to 56°C) or by pretreatment of the membranes with a-bungarotoxin or 3.5% 2-mercaptoethanol. In the experiment with 125I-labeled a-bungarotoxin, 93% of the binding activity (11) was found in the DPP. Phase Partitioning of the Detergent. When a 1% solution of radioactive Triton X-114 was used in the phase-partitioning experiments, in the absence of membranes the concentration of Triton in the DPP was 0.03%, and in the presence of membranes, 0.04%. Therefore, no significant redistribution of detergent accompanied the partitioning of the AcChoR protein into the DPP.
Sucrose Gradient Centrifugation. When 1251-labeled a-bungarotoxin was added to membranes solubilized with Triton X-114, and this mixture was sedimented in a sucrose gradient ( Fig. 2 Top) or when 1251-labeled toxin was added to the DPP after phase partitioning of the membranes and the DPP/toxin mixture was then sedimented in a gradient (Fig. 2 Bottom), in both cases the radioactivity profile peaked sharply at about 13 S. This is the sedimentation rate of the dimer of the a2f3y8 aggregate (14) . These results show that the AcChoR that partitioned into the DPP was present as the dimer of the original subunit aggregate and had retained its a-bungarotoxin binding activity. (Fig. 1D) , in contrast to the situation with Triton X-114 alone (Fig. 1C) . As a control (Fig. 1E) , ovalbumin was shown to partition into the DPP in the Triton X-114/linoleate mixtures as it does in Triton X-114 alone.
DISCUSSION
The partitioning of the integral membrane protein AcChoR into the DPP in the Triton X-114 two-phase system is a highly anomalous result, because all known integral membrane proteins that have been examined partition into the DRP (6). To assess the significance of this finding, we discuss first the nature of the phase-separation method and then some relevant structural information about the AcChoR protein.
Phase Partitioning of Triton X-114 Solutions. Triton X-114 is a polydisperse nonionic detergent, p-(1,1,3,3-tetramethylbutyl)phenoxypolyoxyethylene glycol, containing an average of 7.5 oxyethylene units per molecule. Above its critical micelle concentration at 4°C, it forms micelles each containing about 140 detergent molecules (9) with the p-octylphenyl groups sequestered in a hydrophobic core and the hydrophilic polyoxyethylene glycol residues in a random-coil conformation in the outer shell of the micelle (17 (5) . Although the subunits have somewhat different molecular weights, they show striking homologies in their amino acid sequences as deduced from the nucleotide sequences of the corresponding cDNAs (22, 23) . In particular, each subunit possesses four hydrophobic stretches of sequence that very likely individually span the membrane as a-helices, three clustered in the middle of the sequence and one near the carboxyl terminus. Symmetry considerations strongly suggest that each subunit contributes a homologous region to the formation of the central channel of the aggregate, but it is not known which portions of the amino acid sequence are involved in the channel.
Noda et al. (22) and Devillers-Thiery et al. (23) propose that one of the four transmembrane hydrophobic a-helices of each subunit combines to form the channel, whereas FinerMoore and Stroud (24) and Guy (25) speculate that a particular region of each subunit sequence, which could form an amphipathic a-helix, contributes a fifth transmembrane helix that defines the channel. An important structural finding in this connection is that the carboxyl termini of the chains are exposed on the cytoplasmic side of the membrane (26) .
*Electrophoregrams such as those in Fig. 1 Proc. NatL Acad Sci. USA 82 (1985) The membrane intercalation of the active AcChoR molecule is a complex multistage process. It begins with the cotranslational insertion, via a signal peptide-mediated mechanism, of each subunit individually into the membranes of the rough endoplasmic reticulum (27) . The assembly of these subunits into the AcChoR molecule in mammalian muscle, however, does not occur immediately after subunit insertion but only at a considerably later time via several intermediate stages which are not understood in detail (28) . One intermediate stage appears to be dimer, a2, which is the first stage at which a chains acquire high-affinity a-bungarotoxin binding activity and which forms before a chains are found associated with the other subunits (28 [This presumably also occurs in the dissolution of AcChoR-rich membranes in Triton X-100, which also was found to solubilize the AcChoR in a form that binds a-bungarotoxin (29) .] As a result, when phase separation is induced by raising the temperature, the AcChoR is found in the DPP. It is probable that some of the small amount of Triton in the DPP is bound to the AcChoR molecules, but not in a micellar form.
Why are AcChoR molecules largely excluded from Triton X-114 micelles? A number of possible explanations are eliminated or rendered unlikely by our results. The partitioning of the AcChoR into the DPP is not attributable to the following: (i) A denaturation of the AcChoR, or its breakdown into subunits. The codistribution of a-bungarotoxin, added to Torpedo membranes solubilized in Triton X-114, with the AcChoR into the DPP and the cosedimentation (Fig. 2) of the toxin and AcChoR of the DPP at rates characteristic of the intact AcChoR dimer (14) show that the AcChoR molecules in the DPP largely retain their native subunit structure and conformation.
(ii) A significant shift of Triton X-114 into the DPP along with the AcChoR. No such shift was detected.
(iii) A strong association of the AcChoR with peripheral membrane proteins. The AcChoR in membranes stripped of peripheral proteins by alkali treatment (Fig. 1A) , as well as cholate-purified AcChoR, also partitioned into the DPP.
(iv) The dumbbell shape of the AcChoR dimer, which might be unfavorable for intercalation into the DRP micelles. In Torpedo membranes, the AcChoR pentameric aggregate is dimerized by disulfide-bridge formation between a subunits (14) . The partitioning of AcChoR, however, was unaffected by the presence of 2-mercaptoethanol throughout the procedure, under conditions that generated the AcChoR monomer.
(v) An excessive size of the membrane-intercalated hydrophobic domain of the AcChoR pentamer that does not allow it to fit into a Triton micelle. Freeze-fracture electron microscopic images (30) (Fig. 1D) (24) and Guy (25) for the composition and structure of the AcChoR channel were correct, the membrane-intercalated domain of the molecule would consist entirely of either 20 or 25 nearly parallel transmembrane helices, and the exterior hydrophobic surface of that domain should have a quite regular, nearly cylindrical geometry.
The anomalous partitioning of AcChoR into the detergentpoor phase in Triton X-114 phase-separation experiments is not the only such case we have encountered. Three other integral membrane proteins involved in transport, namely, the a chain of the Na',K+-ATPase of kidney microsome membranes (and possibly the a chain of the Torpedo Na',K+-ATPase, see Fig. 1 C) , the Ca+2-ATPase of sarcoplasmic reticulum membranes, and the Band 3 anion-transport protein of erythrocyte membranes, each show a degree of partitioning into the DPP that is significant, although not as complete as that shown by AcChoR (unpublished observations; see also ref. 10) . A significant, although preliminary, correlation appears to exist, therefore, between anomalous partitioning behavior in Triton X-114 phase separation experiments and the probable channel-forming property of integral membrane proteins, a correlation that needs to be explored further.
Whatever the validity of these speculations, at least two interesting points emerge from this study. First, the Triton X-114 phase partitioning of a protein into the DPP does not necessarily rule out the possibility that it is an integral membrane protein. Second, it is possible to discriminate some integral membrane proteins from others by this method, and this discrimination must reflect some significant differences in the structures of these proteins.
